In this paper we like to present the dendritic box as a new tool toward modular chemistry. A dendritic structure with a densely-packed shell is prepared via modification o f the fifth generation poly(propylene imine) dendrimers with N-BOC-L-phenylalanine groups. This so-called dendritic box has a diameter of approximately 4.5 nm, as determined by DLS and SAXS, and has internal cavities which can be used for the encapsulation o f guest molecules. Supramolecular encapsulation is achieved by performing the construction of the box in the presence of the guest molecules, followed by dialysis to remove excess and adhered guest. A number of properties o f encapsulated guests is critically influenced by the host, like the observation o f induced optically activity and a solvent-independent fluorescence o f dyes encapsulated as well as the formation of a triplet radical pair o f 3-carboxy-proxyl. A shape-selective liberation of encapsulated guests is accomplished by a two-step hydrolysis o f the shell. The potentials of these boxes as new supramolecular architectures within the nanometer regime are discussed and the physical locking o f guest molecules is proposed as a new binding principle useful for modular chemistry. 371 J. Michl (ed.), Modular Chemistry, 3 7 1 -3 8 4 . © 1997 Kluwer Academic Publishers. Printed in the Netherlands.
Introduction

The dendritic box
The flexible core o f our dendritic box is based on poly(propylene imine) dendrimers which were synthesized by the divergent approach [10] , A repetitive reaction sequence using the double Michael addition of a primary amine to acrylonitrile followed by the heterogeneously catalyzed hydrogenation of the nitriles to primary amines, yields diaminobutane-based polypropylene imine) dendrimers DAB-dendr-(NH2)" with n= 4, 8, 16, 32, 64, and 128 primary amine end groups. The unmodified dendrimers are very flexible and possess glass transition temperatures of approximately -40 °C and -65 ,.°C for the CN-and NH2-tenninated dendrimers, respectively [10] , More recently a variety of endgroup modifications have been reported [11] , For the construction of the rigid shell of the dendritic box a critical end-group modification of the cascade polyamine with an appropriate bulky group is performed. For instance, the Nhydroxy-succinimide ester o f a tert-butyloxycarbonyl (t-BOC)-protected Lphenylalanine is allowed to react with the fifth generation poly(propylene imine) dendrimer in a CH2Cl2-triethylamine mixture (figure 1). Extended washing procedures were used to obtain pure dendritic box with a molecular weight of almost 24,000 [9] , 373 DAB-dend/'-(NH2)64 6 4 12---13 Structure elucidation of the dendritic box was performed with a variety of characterization techniques; IR, UV, 'H and 13C NMR spectroscopy data are all in agreement with the structure assigned. However, the resonances in the I3C NMR spectra showed a significant line broadening for the higher generations. Spin-lattice (Ti) and spin-spin (T2) relaxation measurements were performed and the results for the shell atoms were compared with the corresponding data of the other lower generations (figure 2). The observed increase o f Ti relaxation times after the third generation is indicative o f a decrease in molecular motion for the higher generations; an almost solid-phase behavior o f the shell in solution is proposed. Further evidence for this close packing o f the shell is found from chiroptical studies (see later). Presumably, intramolecular hydrogen bonding between several L-Phe residues in the shell is contributing to this solid-phase character. Unfortunately, MALDI-TOF and electrospray mass spectrometry studies have not been successful yet.
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Figure 2. Double logarithmic graph o f relaxation data (carbon T i and T2) versus molecular weight (generation) for the carbon atoms 1 , 2, and 3 (see figure 1) as recorded at 75MHz in chloroform.
CHARMm molecular mechanics calculations of the DAB-dendr-(N-t~ BOC-L-Phe)64 are performed to get insight into the three-dimensional structure. A globular architecture is found with an estimated radius of 23 ± 3 Á. Dynamic light scattering studies of the dendritic box in solution showed single particle behavior with a radius of gyration of 17 ± 4 Á (which resembles a radius of the box of 22 Á). Finally, SAXS measurements gave a radius of gyration of 18 Á for the dendritic box.
The choice of L-Phe as the amino acid component of the shell has been made from a study in which we compared a variety of amino acids o f different size. By using larger amino acids like L-Trp it is not possible anymore to modify all the end groups due to the restricted space available verifying the sterically induced stoichiometry principle [1, 6] . On the other hand by performing the modification reaction with smaller amino acids, like L-Ala and L-Leu such a dense packing is not achieved, as concluded from NMR and modeling studies, as well as the encapsulation experiments described in the next paragraph. L-Tyr in the t-BOC protected form is comparable with L-Phe as shell component with respect to dense packing, but lacks the good solubility in most organic solvents. Therefore, we selected the DAB-dendr-(NH-t-BOC-L-Phe)64 as the dendritic box, being a nanometer-sized host system for a variety of guest molecules [9],
Encapsulation of guest molecules into the dendritic box
The experimental and modeling results prompted us to propose that we prepared molecules with a solid shell and a flexible core that will have internal cavities available for guest molecules. As the shell is constructed in the last step, it is possible to perform this coupling reaction in the presence of guest molecules. In fact, we encapsulated molecules with some affinity for tertiary amines within the dendritic box. Excess of guest and/or traces of guests adhering to the surface are removed by extensive washing and/or dialysis. When a dendrimer of lower generation was used, the shell is not dense enough to capture the guests and they were removed by extraction. A large variety of guest molecules have been encapsulated and this opens a plethora of interesting chemical and biochemical applications. We will discuss some of these nanometer-sized guest-host systems here as well as the properties of the guest molecules that are so critically influ enced by the dendritic box. Eriochrome Black T is a pH-dependent dye that is very soluble in polar solvents and can be encapsulated in the box. Due to the many (62) tertiary amines present in the interior o f the box, Eriochrome Black T shifts its absorption spectrum from = 280 nm for free dye in CH2CI2 to = 360 and 570 nm for dye in the box and in CH2C12. As soon as the absorption spectrum of free dye and encapsulated dye are different it is not possible to determine accurately the number of molecules encapsulated in a simple way.
Since Eriochrome Black T is very soluble in water or acetonitrile, while the dye@box is insoluble in these solvents, we used this system to study the diffusion of the dye out of the box. Even after prolonged heating, dialysis or sonification the aqueous phase of the dispersion did not become colored due to diffusion. Therefore, it was concluded that the diffusion o f dye out o f the box is unmeasurably slow.
By comparing the encapsulation results of a large variety of dye molecules, it became apparent that many coplanar dye molecules with an ionic group can be encapsulated into the dendritic box. For concentrated solutions of large dyes in the encapsulation reaction the maximum number of dye molecules entrapped is four, which is related to the architecture of the dendritic box. Large three-dimensional dyes or coplanar dyes without ionic or polar groups are hard to encapsulate and only small numbers of the ratio guest per host are observed, typically around 0.1 as the average number of guests per box. Smaller polar guests can be encapsulated with maximum numbers beyond four, but in almost all cases an integer number of six or ten is found.
These results suggest that the procedure employed here produces a unimolecular compartmented structure in which guest molecules can be encapsulated and for which the diffusion out of the box is unmeasurably slow. observed already about a century ago [16] , but a detailed rational explanation is still lacking [17] , It is assumed that different solvents give rise to different distributions of conformations, which sometimes (but not necessarily) leads to large differences in optical rotations. If in the dendritic shell of the box several conformations are frozen in, an average optical activity will be observed. In the case of the dendritic box this will apparently tend to a vanishing optical rotation and for the acetal-modified dendrimers to a nearly constant value of about 42. Hence, the highly dense packing of end groups in the multiple-hydrogen bonded shell of the dendritic box gives rise to different frozen-in conformations, leading to an internal compensation of optical activity.
Optical activity of the dendritic box
Since the modification reaction of the poly(propylene imine) dendrimers is performed with enantiomerically pure amino acids, it is of interest to study the chiroptical properties of the box and the guest@box systems [13,14], Much to our surprise, we noticed that the optical activity of the DAB-dendr-(NH-t-BOC-L-Phe)n decreases drastically on going from dendrimers of the first generation with four end groups ([a]D = -11; c=l, CHCI3) to the dendritic box of the fifth generation ([a]D = -0.1; c=l, CHC13) with 64 end groups. This decrease in optical activity is not due to (partial) racemization of the amino acids employed, as was demonstrated with HPLC using a chiral stationary phase. The specific optical rotations as a function of generation are given in figure 6. A more thorough investigation employing a variety of different amino acid derivatives revealed that this decrease of optical rotation with increasing generation is a general phenomenon for all of the t-BOC-protected amino acids used [13]. Circular dichroism and optical rotatory dispersion measurements confirmed the results of the specific optical rotations. Using model systems we investigated the solvent dependence of the lower generations and found that for the L-Phe derivative the optical rotation is strongly influenced by the solvent. The optical rotations varied from [a]D = 7.3 (c=l, toluene) to [a]D= -6.4 (c=l, acetonitrile).
In order to investigate the importance o f both the amide and the carbamate functionality in the end groups, a system is synthesized in which the carbamate group is replaced by an acetal moiety, while the shape is almost constant (figure 7). When the model compound of the propylamine and the end group was submitted to optical rotation measurements in various solvents, it was shown that this model compound showed only a marginal solvent dependence as the [a]D value varied at values between 40 and 60. The specific optical rotations of the various generations o f acetal-modified poly(propylene imine) dendrimers were measured and proved to be independent o f the generation [15].
Stimulated by the observation of induced chirality of dyes dissolved into chiral bilayers and micelles [18] , the circular dichroism (CD) spectra of a variety o f dyes encapsulated in the dendritic box have been recorded. Induced circular dichroism spectroscopy is based on the transfer of chirality from the environment to an achiral dye and could therefore be applicable to these boxes. The vanishing optical activity is caused by a compensation effect and local optical activity is still thought to be present. In figure 8 , whereas all para-nitrobenzoic acid was dissolved in the acetone/water mixture. Rose Bengal cannot be liberated from the perforated box, not even after the addition of 12 N hydrochloric acid. However, hydrolysis of the outer shell using 12 N HC1 under reflux for 2 h liberated Rose Bengal after dialysis (100% water) and the starting polypropylene imine) dendrimer was recovered in SO TO0 /« yield. By applying this two-step hydrolysis procedure to a variety of different mixtures of guest molecules it was shown that this shape-selective liberation is a general principle [20] . Furthermore by changing the amino acids in the shell and the protecting group of the amino acid it proved to be possible to fine-tune this pathway of liberation completely.
Toward modular chemistry and conclusions
We have discussed the synthesis of dendritic boxes possessing a unimolecular compartmented structure in which guest molecules are physically locked. Evidence is presented that the encapsulation is dominated by the architecture of the dendrimer and that some supramolecular ordering is present. Furthermore, a shape-selective liberation of guests can be accomplished by a two-step process.
It is envisaged that the binding between guests and dendritic box can be used as a new tool in modular chemistry. Therefore, we are working on large guest molecules that are partly inside and partly outside the dendritic box. The inside part is fuctionalized with an anchoring group and a spacer is used to make these large guests compatible with the shell [21]. When the large part that is outside the box becomes functional or possesses functional groups, it should be possible to build larger structures, comparable with the key-and-lock principle, recently published by Newkome et al. [22] . It is very appealing to us to exploit the functionality of four as is found for the maximum number of many encapsulated guests. The approach described here based on the dendritic box will lead to modular chemistry at the nanoscopic level and by using mechanical bonding between modules.
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